A flexible thermoelectric device using body heat has drawn attention as a power source for wearable devices. In this study, thermoelectric thick films were fabricated by cold pressing method using p-type antimony telluride and n-type bismuth telluride powders in accordance with specific loads. Thermoelectric thick films were denser and improved the electrical and thermoelectric properties while increasing the load of the cold pressing. The thickness of the specimen can be controlled by the amount of material; specimens were approximately 700 um in thickness. Flexible thermoelectric devices were manufactured by using the thermoelectric thick films on PI (Polyimide) substrate. The process is cheap, efficient, easy and scalable. Evaluation of power generation performance and flexibility on the fabricated flexible thermoelectric device was carried out. The flexible thermoelectric device has great flexibility and good performance and can be applied to wearable electronics as a power source.
Introduction
he world faces a number of problems regarding energy. Demand for fossil energy continues to rise and greenhouse gases produced from the use of fossil energy have become a problem. As a result, various energy industries are being presented as alternatives. Thermoelectric devices, which are being studied recently, produce electricity by reclaiming wasted heat.
)
Thermoelectric devices can directly and reversibly convert thermal energy to electrical energy. Thus, thermoelectric devices are able to be applied for power generation or cooling without noise or vibrations because there are no mechanical driving elements like those in conventional coolers and heaters.
Generally, thermoelectric devices are categorized by the height of the thermoelectric legs. There are bulk type devices with thermoelectric legs heights of a few mm, thin film type devices with the height of a few μm, and thick film type devices with the height ranging from tens of μm to hundreds of μm. It has been reported that thick film type devices with thermoelectric legs height of at least 30 μm are required to secure heat flow.
The use of thermoelectric thick films makes it easy to impart flexibility of thermoelectric devices while maintaining a constant temperature difference between the upper and lower sides of them. Fabrication methods of thermoelectric thick films include electroplating and screen printing. Electroplating is cheap and allows for rapid fabrication as well as thickness control. However, the process results in poor surface roughness, poor physical properties, and difficulty in stoichiometric control.
Screen printing is more advantageous for low cost scaling up; however, thick films fabricated through screen printing have high illuminance at micro order, resulting in a lack of connection between the upper or lower substrates and thermoelectric thick films during bonding process, or a reduction of thermoelectric efficiency due to significant increase of resistance.
Conventional bulk type devices are limited in flexibility; however, flexible thermoelectric devices can obtain energy from various heat sources having curved surfaces. This advantage enables applications to wearable devices that use the human body as a heat source; such devices are garnering attention from numerous researchers.
In this study, thermoelectric thick films were prepared by cold press method using thermoelectric powders. Flexible thermoelectric devices were fabricated using them, and their power generation performance and flexibility were evaluated. was purchased as ingots and crushed. To prevent oxidation and contamination, a mortar, rather than mechanical ball milling, was used to crush the Bi 2 Te 3 into powder. The particle size was approximately 800 nm ~ 1.5 μm.
Experimental Procedure
1 2 ) Figure 1 shows the cold pressing equipment used to fabricate the P type Sb The Seebeck measurement system of Fraunhofer was used to measure the Seebeck coefficient of the specimens; the Hall measurement system of Ecopia was used to measure the electron mobility and electrical resistivity of them.
A new cold press module was designed and manufactured to fabricate the thick film type thermoelectric leg. The module was designed so that 5 thermoelectric legs with dimensions of 1.5 mm × 1.5 mm could be fabricated simultaneously. The surface roughness of the thermoelectric leg was improved by surface treating the module to which the load was applied. Figure 2 shows the fabrication process of the flexible thermoelectric device. As can be seen in Fig. 2 (a), PI with a thickness of 38 μm was used. Fig. 2(b) shows the formation of the lower electrode. The lower electrode was patterned using electroplating a 10 μm thickness of Cu(Copper) and a 0.1 μm thickness of Au(Gold) on the PI substrate. Fig. 2(c) shows the solder paste (HeePFM-48W HS-HF(BH)P, HeeSung) deposition using screen printing after attaching a metal mask to the lower electrode to attach it to the thermoelectric leg. Fig. 2(d) shows the fabricated Sb Figure 4 provides a schematic diagram of the evaluation system for power generation performance of flexible thermoelectric devices. To establish a temperature difference, the hot side was heated using a heater and the cold side was cooled by forced convention using a heat sink. A fan was installed next to the heat sink to effectively remove the heat produced by convection heat transfer. The current produced from the flexible thermoelectric device was measured using a digital multimeter (Measurement 2700, Keithley) and the voltage was measured using a digital sourcemeter (Measurement 2400, Keithley). For the variable resistor, a digital rheostat (M642, MEATEST) was used. The internal resis- tance (Measurement 2450, Keithley) of the specimens was accurately measured using the four-wire method. The temperature difference between the upper and lower portions of the flexible thermoelectric device was measured using temperature sensors installed between the heater and the flexible thermoelectric device and between the heat sink and the thermoelectric device. Data acquisition was carried out using an A/D converter (NI, PXIE) and the Labview program. Figure 5 shows the repeated bending test equipment for the flexible thermoelectric devices. The flexible thermoelectric devices were installed on the actuator of a fatigue testing machine (Tytron 250, MTS). Then, bending load was applied and the bending radius was measured using linear laser equipment (LJ-V7020W, KEYENCE). After the flexible thermoelectric devices were fixed to the jig attached to the actuator, the bending radius was controlled using a computer program connected to the fatigue testing machine. The linear laser equipment irradiates a laser onto the flexible thermoelectric device and the detector measures the laser reflected off the curvature of the device; the resistance was measured using the sourcemeter. Resistance variation according to the cycles carried out at 0.5 Hz in the bending radius range of 30 mm ~ 100 mm was measured to assess the reliability of the fabricated flexible thermoelectric device. Figure 6 shows the SEM analysis results for the Sb showed decreased voids and increased density, such that the two specimens had similar densities. Table 1 shows the thermoelectric properties of Sb Although there are slight differences in the Seebeck coefficients, the coefficients for both the Sb specimens did not change significantly. The electrical resistivity values were 35.6 µΩ·m and 23 µΩ·m for ST1 and ST2, respectively. When the load was increased 1.5 times, the resistivity decreased by approximately 35%. On the other hand, the electrical resistivity values for BT1 and BT2 were 35.6 µΩ·m and 23 µΩ·m, respectively. When the load was increased 1.5 times, the resistivity decreased by roughly 30%.
Results and Discussion

Thermoelectric Material Properties
The mobility of Sb /Vs. The electrical resistivity showed a reciprocal relationship with the electrical conductivity; this relationship can be expressed using the following equation.
Here, σ refers to the electrical conductivity, e refers to the electronic charge, and μ refers to the mobility. As is evident in Eq. (1), when the mobility increases, the electrical conductivity increases, while the electrical resistivity decreases.
The power factor represents the thermoelectric property and can be expressed as Eq. (2). 
Flexible Thermoelectric Device Performance Evaluation
The performance assessment equipment shown in Fig. 4 was used to evaluate the power generation performance of the fabricated flexible thermoelectric devices according to the temperature difference. Fig. 7 shows the voltage-current and power output-current curves of the flexible thermoelectric device when the temperature differences were 10 The voltage and current of the closed circuit thermoelectric device can be expressed using Eq. (3).
Here, I refers to the current, r refers to the internal resistance, V refers to the voltage, and ΔT refers to the temperature difference. According to Eq. (3), the current and voltage have an inversely proportional relationship, which is in agreement with the results shown in Fig. 7 .
When the current becomes 0 in Eq. (3), the open circuit voltage can be obtained. In Fig. 7 , when the temperature difference was 50 o C, the open circuit voltage was 43.5 mV. When the voltage is 0, the maximum current can be obtained. When the temperature difference was 50 o C, the maximum current was 5.2 mA.
The relationship between the power output and the current for the closed circuit thermoelectric device can be expressed as Eq. (4).
Here, P refers to the power output. According to Eq. (4), the power output-current curve is a parabolic curve flipped upside down, which is in agreement with the results shown in Fig. 7 . The maximum power output of the thermoelectric device was obtained when the maximum current was ½; the maximum power output was determined to be 0.057 mW when the temperature difference was 50 o C. Fig. 8 shows the power output-temperature difference and the power density-temperature difference relationship curves. Here, the power density is the power output divided by the total cross section area of the leg. As the temperature difference increased, the power output and power density increased parabolically and the power density was 0.2 mW/cm 2 for the temperature difference of 50 o C. Figure 9 shows the flexible thermoelectric device under bending load. When the resistance of the flexible thermoelectric device increases, the power output decreases, resulting in performance degradation. So, measuring the resistance variation according to the bending is important. In order to assess the flexibility of the flexible thermoelectric device, the resistance change was measured as the bending radius was varied from 94.77 mm ~ 7.46 mm. Fig. 10 shows the rate of change of the resistance according to the bending radius. The rate of change of resistance for the flexible thermoelectric device with initial internal resistance of approximately 0.36 Ω was 2.8% when the bending radius was 94.77 mm ~ 9.86 mm; the rate of change of the resistance was 6.9% when the bending radius was 8.06 mm. When the bending radius was 7.46%, the rate of change of the resistance increased rapidly and resulted in failure of the device. Even when the bending radius of the flexible thermoelectric device was reduced to 8.06 mm, the resistance change was not large, leading to the conclusion that there will be no power generation performance degradation. Figure 11 shows the rate of change of the resistance according to the number of bending cycles for the flexible thermoelectric device. Through this, the lifespan of the fabricated flexible thermoelectric device can be predicted. The initial resistance of the flexible thermoelectric device when installed in the fatigue testing machine was approximately 0.83 Ω. Initially, a stabilization interval was observed up to the first 100 cycles, during which the resistance decreased to approximately 0.75 Ω. There was almost no change in the internal resistance up to around 3100 cycles. At 3142 cycles, failure of the device occurred and the resistance was on the order of MΩ. Thus, for a heat source with a bending radius between 30 mm ~ 100 mm, it was determined that the fabricated flexible thermoelectric device did not show resistance change even after repeated attachment and detachment up to around 3100 cycles. Therefore, the power generation per- formance of the flexible thermoelectric device was maintained.
Reliability Evaluation According to Bending Radius of Flexible Thermoelectric Device
Conclusions
In this study, using the cold press method, Sb powders were used as base material to fabricate thick film thermoelectric material. Next, a manufactured thermoelectric leg on a PI substrate was used to fabricate flexible thermoelectric devices.
The cold press method is low cost in terms of fabrication of thermoelectric thick film; the process is very simple, with no post processing steps, while allowing for mass production. It was observed that thermoelectric thick films under load experienced increased mobility and decreased resistance of the thermoelectric thick films. The decrease in the electrical resistivity of the thermoelectric thick films led to power factor enhancement.
The flexible thermoelectric device process developed in this study used a bonding process through solder paste and the screen printing method. The process is simple, the fabrication is convenient, and the resulting devices show excellent flexibility.
Application of the developed flexible thermoelectric device to power generation using human body heat is expected to yield a temperature difference of around 10 o C between the body heat and the ambient temperature. According to the results of this study, when the temperature difference was 10 o C, the maximum power output was 1.7 μW and the power density was 6.4 μW/cm 2 . When the total leg area of the flexible thermoelectric device is manufactured to 9.4 cm 2 , a power output of approximately 60 μW can be produced and can be utilized as a power source for a wearable oximeter with a power consumption of 60 μW.
)
The human body has curved surfaces, so flexibility is important for the application of flexible thermoelectric devices to wearable devices. The fabricated flexible thermoelectric devices showed virtually no change in internal resistance when bending radii of 94.77 mm ~ 8.06 mm were applied. The flexible thermoelectric devices underwent failure at around 3100 cycles when repeated bending at the bending radius of 30 mm ~ 100 mm was applied. Thus, the durability of the flexible thermoelectric device against attachment and detachment to a heat source was determined to be approximately 3100 cycles. Therefore, since the human wrist generally has a bending radius of 30 mm, 1 7 ) the fabricated flexible thermoelectric device is expected to be applicable to wearable devices because the fabricated device showed no power output degradation. The developed flexible thermoelectric devices are also expected to be used in various fields because they can be applied to heat sources having curvature on the surfaces.
